Although sustainability is a frequent topic in product development literature, the often segmented and narrow scope of prior works limits the potential benefits of the industrial application of methods, models, and tools developed by the research community. The work herein has the goal of coalescing relevant, recent work supporting the economic and environmental aspects of sustainability for early stage product development by focusing on the interfaces between product design and supply chain operations. This discussion is intended to highlight past accomplishments and to be a call for action to the research community for the development of integrated methods, models, and tools to support sustainability initiatives across product supply chains. A literature review spanning product design, manufacturing, and supply operations management reveals several near-term research needs, which are organized into four highly promising foci addressing product architecture engineering, assembly/ disassembly operation modeling, manufacturing process modeling, and joint optimization of life cycle activities. Finally, potential avenues for future collaborative research are presented and discussed.
Introduction
Consumers are demanding more environmentally sustainable products, motivated by increased awareness of environmental impacts. Simultaneously, environmental regulations, policies, and standards have been enacted globally that impact manufacturers (Gutowski et al., 2005 ). Yet, product manufacturers continue to struggle with how to set, assess, and achieve sustainability goals, which encompass economic, environmental, and social factors. To meet this challenge, the research community has developed many approaches, several of which are highlighted in the sections below and many others which have been reviewed by other authors at length (e.g., Baumann et al., 2002; Duflou et al., 2012; Gold et al., 2010; Haapala et al., 2013; Ilgin and Gupta, 2010; Ramani et al., 2010; Sarkis et al., 2011; Seuring and Müller, 2008; Subramanian et al., 2010; Umeda et al., 2012) in the areas of product design, product manufacturing and assembly, demanufacturing and remanufacturing, and supply chain management. Seuring and Müller (2008) synthesized an extensive literature review of 191 scholarly articles on sustainable supply chain management published during 1994e2007. They found that studies primarily focus on environmental issues and on empirical findings, and this fact has limited the development of a theoretical basis for supply chain management. Given this situation, in this paper, we review the sustainability literature with a specific focus on product design and supply chain operations, and then provide an action plan to improve the analysis and reduction of cost and environmental impacts in supply chains.
The goal of this paper is two-fold: first, to review and present recent research undertaken to advance environmentally and economically sustainable product development from the earliest stages of design through manufacturing and end-of-life (EOL) and, second, to define and discuss several near-term research foci that can be addressed by the product design and manufacturing research community. Thus, the bulk of the discussion focuses on the fields of product design, manufacturing and assembly, and supply chain management activities. Accordingly, the novelty and contributions of this paper are two-fold. First, it provides a unified review of past work on sustainability across product supply chains and identifies gaps due to considering product design, manufacturing, and supply chain operations in isolation from each other. Secondly, and in an effort to close these gaps, it develops an integrated view of decision making in product design, manufacturing, and supply chain operations, under the lens of sustainability.
While definitions vary, it is generally agreed that sustainability requires "… the design of human and industrial systems to ensure that humankind's use of natural resources and cycles do not lead to diminished quality of life due either to losses in future economic opportunities or to adverse impacts on social conditions, human health and the environment" (Mihelcic et al., 2003) . A myriad of metrics have been proposed to measure progress and improvement, including those for economic, environmental, and social aspects of sustainable product development (Feng and Joung, 2011; Graedel and Allenby, 2002; Hutchins and Sutherland, 2008; Lu et al., 2010; OECD, 2008; Shuaib et al., 2011) , e.g., capital, operational, and transportation cost; CO 2 , SOx, and NOx emissions; and worker wages, benefits, and equality. The carbon footprint of a product is often used as a measure of its environmental sustainability. While carbon footprint has limitations, it is an important recent metric and used herein to focus the discussion around a concrete concept of environmental impact when needed. Ideas discussed in the context of carbon footprint can be extended to other environmental impacts as well. Similarly, economic impacts are only discussed in terms of direct, product-related costs. While integral to any sustainability evaluation, social aspects are outside of the scope of the present discussion.
Product development covers the stages of concept development, product design, supply chain design, and production ramp-up and launch (Krishnan and Ulrich, 2001 ). Design stage is iterative and complex, and includes defining, conceptualizing, refining the design to ultimately commercialize a product in the market (Ogot and Kremer, 2004) . The shape, dimensions, functions, components, and materials are all decided during the design process; as a consequence of this, up to about 70% of product cost (Appelqvist et al., 2004) and 80% of product quality (Dowlatshahi, 1992) are decided during the design stage. One can posit that product life cycle environmental impacts are similarly designed-in. Merging early eco-design tools with life cycle data and developing a better understanding of product and environmental interactions are key to achieving sustainable product development . Baumann and colleagues (Baumann et al., 2002) reviewed the green product development literature from engineering, management/business studies, and policy studies. One of the primary conclusions of this extensive review is that there is need for a systemic perspective where environmental optimization and emissions reduction should be considered across the entire supply chain.
It is estimated that about 72% of GHG emissions are related to household consumption (Hertwich and Peters, 2009) , implying that consumer products and services, and their supply chains are the major contributor. Matthews et al. (2008) asserted that only 26% of total supply chain emissions are identified and mitigated. Moreover, the increasing trend towards outsourcing is leading to the substantial growth of the global carbon footprint, even without accounting for associated transportation, due to less efficient energy generation and manufacturing processes in developing nations (Herrmann and Hauschild, 2009) . In fact, much of the success in CO 2 emissions reductions in developed countries are due to exported industrial production to Asia. In 2005, about 30% of the emissions in China were attributable to the production of exports . Thus, analytical methods are needed to aid in the development of products and related supply chains and will be further reviewed in this paper.
The rest of the paper is organized as follows: Section 2 reviews prior work; Section 3 discusses four promising foci for instilling sustainability across product supply chains; Section 4 presents results from preliminary work to instill sustainability across product supply chains; finally, Section 5 suggests directions for future research and concludes.
Prior work
A recent review by Chiu and Kremer (2011b) identified 12 different tools (guideline sets, metrics, mathematical models, and methods) for Design for Environment (DfE) and DfS. It was readily evident, however, that these methods focus on environmental sustainability and are deficient in incorporating economic sustainability. Several of these works are listed in Table 1 below.
Considerable research has been undertaken to integrate life cycle concerns into the design stage through design for X (D) concepts (e.g., design for manufacturing (DfM), design for assembly (DfA), and design for environment (DfE)). However, there is no research-based evidence on how various DfX tools complement or compromise one another across the supply chain Kremer, 2011a, 2011b) . In addition, while other DfX principles have been studied for decades, the design for environment (DfE) and design for sustainability (DfS) methods have been developed more recently. Given that gaps exist at the interface of DFA, DFM, and design for supply chain (DfSC), the integration of these methods with DfE and DfS is absent from the prevailing literature. Filling this gap by identifying important research questions and their answers is timely and will address the needs of industrial decision makers. Since they inherently take a holistic view, DfE and DfS methods interface with all other DfX approaches, which differentiates them from other DfX considerations (e.g., DfM is fXonly concerned with the manufacturing stage). We assert that manufacturers must remain cost competitive, and design for sustainability is not complete without simultaneous consideration of environmental and economic aspects (e.g., carbon footprint and costs) of manufacturing and assembly activities across the supply chain. Several studies have been done to integrate economic sustainability into design and into manufacturing processing; these are summarized in the following Table 2 .
Accordingly, design for manufacturing, design for remanufacturing, product sustainability, and supply chain optimization are used to classify prior work and they are briefly discussed below.
Design for manufacturing
A recent review by Chiu and Kremer (2011a) identified 17 different tools (guideline sets, metrics, and methods) for DfM and DfA implementation; these two concepts are found to be most mature among all DfX concepts. For example, Stoll (1988) described strategy-based and practice oriented 13 DfM guidelines focusing on: (1) modular design, (2) multi-use parts with standardization, and (3) ease of assembly to increase the manufacturability. Fabricius (1994) proposed a set of guidelines, defining a "seven step procedure for design for manufacture," to enhance the linkage between design and manufacturing using a metrics-based model. Other methods include, but not limited to, the assembly-oriented design process (AODP) method (Warnecke and B€ aßler, 1988) , the assembly evaluation method (AEM) by Boothroyd and Alting (1992) , and the design for manufacture and assembly (DfMA) method (Boothroyd, 1994) .
The efficiency considerations of DfA and DfM can contribute to sustainable product design. For example, it was seen that the product design (e.g., bicycle) with the lowest DfA index was also the one with the lowest carbon footprint (Philip et al., 2013) . In general, however, modular products might result in increased part counts and variable costs (Ulrich and Tung, 1991) . Despite this fact, DfA might be compatible with design for disassembly (DfD) after addition of environmental criteria, such as ease of removal and selection of recyclable materials (Harjula et al., 1996) . DfM and DfA tools, in general, optimize the product architecture for assembly time and cost, and do not take into account environmental sustainability performance metrics.
Design for remanufacturing
Remanufacturing is the practice of disassembling, cleaning, refurbishing, replacing parts (as necessary) and reassembling a product in such a manner that the part is at least as good as, or better than new (Bras and Hammond, 1996) . Design for disassembly (DfD) is a natural extension of design for assembly (DfA) and is one aspect of design for remanufacturing (DfRem). Economic benefits of DfRem, in addition to ecological benefits, stem from avoidance of reprocessing and manufacturing expenditures (Amezquita et al., 1995; Berko-Boateng et al., 1993; Guide, 2000; Haynsworth and Lyons, 1987; Navin-Chandra, 1993) . Design is the stage that has the strongest influence on environmental impact and also sets the product's capabilities (Eyring, 1992; Ijomah et al., 2007a) and products that incorporate DfRem principles can display greater economic, environmental, and social benefits to manufacturers and society than remanufacturing strategies as an afterthought to product design (Nasr and Hilton, 2008) . Many products are not remanufacturable (Ferrer, 2001 ) and designers, in general, face a paucity of remanufacturing knowledge and research information (Guide, 2000) . Accordingly, there is an urgent need for tools and methods to assist in the integration of environmental considerations into product design (Nissen, 1995) .
Remanufacturability can be enhanced using remanufactur ability-specific design guidelines (DfRem) and by applying, individually or in combination, other design for X (DfX) practices (Ijomah et al., 2007b) . In particular, design for environment (DfE) can be particularly applicable to remanufacturing, e.g., End-of-Life Adviser (ELDA) (Rose et al., 2000) and the reverse fishbone diagram (Ishii and Lee, 1996) . REPRO 2 is a tool for assessing the remanufacturability of proposed designs via comparison to currently remanufacturable products (Gehin et al., 2008) . Sundin (2001) offered guidelines for enhanced-remanufacturability by analyzing household appliances. Sundin and Bras (2005) concluded that cleaning and repairing are the most critical remanufacturing activities that can be facilitated through the development of the RemPro matrix. Amezquita et al. (1995) offered guidelines based on design features to identify design changes to improve automobile door remanufacturability. Bras and Hammond (1996) used DfA metrics as a foundation for remanufacturability assessment metrics based on product design features. Examples of product architecture modifications for remanufacturing are numerous and varied (Zwolinski et al., 2006; Aguwa et al., 2011 Aguwa et al., , 2012 . For example, Shu and Flowers (1995) focus on the architecture of three office products, and analyze the types of fasteners and joints that were originally designed for ease of assembly and recycling. Williams et al. (2000) analyzed tonercartridge remanufactures' waste streams to suggest design alterations to enhance toner-cartridge remanufacturability. Sherwood et al. (2000) studied an OEM's waste stream to develop a modified failure mode and effects analysis to facilitate remanufacturing. Mangun and Thurston (2002) presented a decision tool to help decide the most appropriate component end-of-life options. Ijomah et al. (2007a and 2007b) reported findings from a workshop undertaken in the UK on product design features that prevent the product or component from being remanufactured.
Overall, while effective case studies have been conducted for DfRem, it is apparent from the literature that robust and practical tools and processes are yet to be developed that effectively address and operationalize remanufacturing considerations during product design. Table 1 Prior work proposing processes and models to achieve sustainable designs. Anastas and Zimmerman (2003) Proposed "Twelve principles of green engineering" to achieve sustainable design by reducing hazardous and non-hazardous waste and energy use. Ljungberg (2007) Provided guidelines to minimize materials, energy, emissions, and toxic elements over the life of a product, while maximizing renewable resource use, recyclable materials, energy efficiency, and product life. Howarth and Hadfield (2006) Developed a two-part model for designers to review the sustainability of a product in the detail design phase. Waage (2007) Presented a four phase process for achieving sustainable designs. These phases comprise establishing the sustainability context, defining the sustainability issues, assessing and acting, and receiving feedback. Short and Lynch (2004) Presented Design for Sustainability Matrix (DfSM), which analyzes the functional and environmental profile of a product. Spangenberg et al. (2010) Provided a framework supporting the design for sustainability (DfS) idea through sustainable design and consumption analysis.
Table 2
Prior work integrating economic sustainability into design.
Ijomah et al. (2007)
Incorporated process aspects and provided design for remanufacturing (DfRem) guidelines. Pham et al. (2008) Combined lean, agility, and sustainability factors to form a framework for "Fit" manufacturing to improve the current state to meet sustainability and other business performance requirements. Choi et al. (2008) Introduced a framework including both environmental and business aspects of product design to help decision makers. Ferrer et al. (2009) DfM guidelines and manufacturing process information were integrated to make design decisions more conveniently. Kwak et al. (2009) Proposed eco-architecture analysis for product end-of-life (EOL) considerations during design and for identifying recycling opportunities. Komoto et al. (2009) Used life cycle simulation (LCS) to investigate the product supply chain and end-of-life when stochastic data are applied. Vinodh and Rathod (2010) Incorporated sustainability to product design and life cycle assessment (LCA). Spangenberg et al. (2010) Developed framework to support design for sustainability (DfS) idea by working on sustainable design and consumption analysis. Devanathan et al. (2010) Developed an eco-design tool focusing on the early design process. Chiu and Kremer (2011a) Presented an approach that considers supply chain cost and carbon footprint analyses early in the design stage. Kremer et al. (2012) and Philip (2012) Investigated advantages of component end-of-life option (i.e., reuse, recycle, disposal) for supply chain implications.
Manufacturing process modeling and sustainability
Material and energy inputs and outputs of product manufacturing can be understood at their most fundamental level through process modeling (Kellens et al., 2012b (Kellens et al., , 2012a . In turn, process inputs and outputs can be related to manufacturing cost, environmental impacts, and other performance measures. However, most process analysis techniques focus on specific cases or are conceptual (Hernandez-Matias et al., 2006) , and traditionally have considered manufacturing cost, cycle time, productivity, labor, and flexibility, rather than other sustainability-related performance measures (e.g., environmental and community impacts). Recent developments have highlighted the need to integrate process analysis and decision support tools with engineering design and optimization tools. Lin and Polenske (1998) stressed the need for micro-level inputeoutput process models for effective business decision-making due to the coarse resolution of existing national frameworks (e.g., EIO-LCA). Sutherland and Gunter (2001) described a method to establish such models: 1) Conduct a process inventory (Fig. 1) , 2) Quantify the input and output mass and energy flow rates, and 3) Describe the outputs as a function of the inputs. Kellens et al. (2012a) formalized a method for manufacturing process analysis to support LCA, identified in the US as unit process life cycle inventory (uplci) and in Europe as CO2PE!. They considered several machining processes to estimate energy consumption. Related work was demonstrated by Overcash et al. (2009) to quantify energy use for manufacturing processes. Eastlick et al. (2011) presented an approach to compare product design alternatives on the basis of environmental, economic, and social measures generated from process-based analysis. He et al. (2012) applied an event graph methodology for modeling machining task energy use from a manufacturing system perspective, which demonstrated the link between the process and system level. Process modeling studies have considered environmental performance, but exhibit uncertainties due to (Sheng and Worhach, 1997) : 1) measurement or data collection errors, 2) uncertainties in process modeling, 3) variability in the control volume because of externalities, 4) uncertainties in chemical composition and transport properties, 5) the qualitative nature of site-level factors, and 6) uncertainties in assessing user preferences in utility analysis. Collaborative academic and industrial research can serve to address many of the above cited manufacturing process modeling concerns, facilitate data gathering, and lead to more accurate, industrially relevant models. Initial work in this regard has been initiated by the National Institute for Standards and Technology in the U.S. (Mani et al., 2014) .
Supply chain optimization
Research in the prevailing literature has found that supply chain performance cannot be optimized without considering the compatibility of product and supply chain attributes (Fisher, 1997; Vonderembse et al., 2006) . The integration of supply chain network design and product design promotes the concept of Design for Supply Chain Management (DfSCM). Lee and Sasser (1995) defined DfSCM as "having the goal to design products and processes to more effectively manage supply chain related cost and performance". Blackhurst et al. (2005) developed a Product Chain Decision Model to compare the benefit of supplier selection and information sharing according to bill of materials. Lamothe et al. (2006) presented a product family selection and supply chain design method that can optimize supply chain costs while choosing variant components based on a generic bill of materials. In general, there are six key approaches to DfSCM that increase efficiency and responsiveness of supply chains: Variety control (Thonemann and Bradley, 2002) , logistics enhancement, commonality and reuse (Doran, 2003; Mikkola and Skjøtt-Larsen, 2004) , Postponement (Yang et al., 2005; Mikkola and Skjøtt-Larsen, 2004) , tax and duty reduction, and facilitating reverse logistics.
The supply chain perspective is often considered at the detail design stage, final stage when much of the design flexibility has been removed. Relatively few studies consider the supply chain perspective early in product design (Yan et al., 2003; Lamothe et al., 2006; Khalaf et al., 2008; ElMaraghy and Mahmoudi, 2009; Laurent et al., 2010; Khalaf et al., 2009; Chiu and Kremer, 2014; Nepal et al., 2011; Bush et al., 2010) . There is no prior work, however, investigating the interplay between selection of design alternatives and life-cycle processes. Further, prior work mostly focuses on forward supply chains, and there is very limited work on closed-loop chains. Krikke et al. (2003) developed a model for product structure design considering modularity, reparability, and recyclability and logistics network design for a Japanese consumer electronics company. LCA has been proposed to evaluate environmental impacts associated with products, processes, and activities (De Benedetto and Kleme s, 2009) .
A number of studies considered environmental impacts of supply chain designs (Hugo and Pistikopoulos, 2005; Ramudhin et al., 2008 Ramudhin et al., , 2009 Frota Neto et al., 2008; Guill en-Gos albez and Grossmann, 2009; Chaabane et al., 2011) . Several studies considered carbon footprint in sourcing, inventory, and distribution processes (Zsidisin and Siferd, 2001; Sourirajan et al., 2009; Bonney and Jaber, 2011; Hoen et al., 2010; Pan et al., 2013; Reuter et al., 2010; Zhu et al., 2010) In general, however, there is a significant gap in capturing the economic and environmental sustainability of forward and reverse supply chain implications of product design variants (Ilgin and Gupta, 2010) . As Gan and Grunow (2013) attest, however, "… researchers in product design (PD) and supply chains (SC) management have kept mainly within their domains for various reasons such as complexity of cross-disciplinary research…" These findings motivate an integration of supply chain decisions and product design decisions, including costs and environmental impacts, so that the optimal component acquisition and supply chain alternatives can be determined and evaluated in the earlier product design stages.
Promising foci for instilling sustainability across product supply chains
Based on our review, we postulate that the development of supply chain models that account for the dependencies between product design, manufacturing, and supply chain decisions to minimize cost and environmental impacts (e.g., carbon footprint) can be enabled through the concepts of integral, modular, and hybrid product architectures, as well as manufacturing process and assembly analyses. The research community addressing the economic and environmental sustainability across product supply chains is mostly organized around four thrusts: 1) Sustainability through effective product development processes/practices, 2) Sustainability through effective manufacturing processes/practices, 3) Sustainability through effective supply chain processes/practices, and 4) Sustainability through effective and integrated consideration of life-cycle processes. Given our primary interest in addressing sustainability at the earliest stages of the product life cycle, in particular product development, we have identified four distinct foci for further investigation and exploitation to improve the sustainability in product supply chains, which we discuss in detail below. This is not to suggest that there aren't other gaps or opportunities for promoting sustainability. Our focus is on opportunities for action at the front end of the product life cycle.
3.1. FOCUS AREA 1: reengineering the product architecture to match the intended product end-of-life option
The use of modular design is gaining popularity in industry with several successful cases of implementation reported in the literature; however, the science to support modular product architecture is still evolving (Gupta and Kremer, 2008) . For example, a recent study by Kremer and Gupta (2013) shows that modularization of the same product using three different modularity approaches results in different product architectures. Another study by Nepal et al. (2011) introduces the use of a multi-objective optimization model in configuring the supply chain during modular product development. In addition to using various production and inventory costs, the model makes use of subjective criteria such as alignment of business practices and financial objectives of member companies in configuring the supply chain.
An opportunity exists for purposefully architecting the product design so that design for manufacturing, design for remanufacturing and design for sustainability can be achieved; we note, however, experimentation is needed with different modularization methods, and in varying modularization levels. Among the relevant research questions are: 1) Can a modular structure where components are clustered according to reuse or recycling objectives positively impact sustainability measures (e.g., cost and carbon footprint)?; 2) Can an increased level of modularity positively impact sustainability measures across the supply chain?; and 3) What is the impact of product architecture and platform decisions early in product development on supply chain sustainability measures? The research to provide insights into these questions can be challenging especially in the design of breakthrough and innovative products. Defining sustainability and re-manufacturability targets early in the design of a product can be difficult when requirements and design specifications are still evolving. Some attempts (Nepal et al., 2011; Ülkü and Schmidt, 2011; Chung et al., 2011) have been made at a holistic design approach but the science is still evolving.
Ülkü and Schmidt (2011) have found analytically that supplier relationship and product architectural design are interdependent. However, to our knowledge, there are not any mathematical models available in the prior literature that quantifies the influence of product architecture design on supply chain configuration considering sustainability metrics. Another notable gap is the lack of consideration of the environmental compatibility of partners into the SCM decisions. While individual companies are increasingly embracing environmentally compatible logistics, such as reduction or avoidance of transport, increased capacity utilization and mass transportation, recycling and reusable packaging, and coordinating with their logistics service providers, these efforts often do not extend to their other SCM partners nor to their other SCM functional areas. The development of robust models to address this deficiency through a multi-objective optimization model is necessary. Newcomb et al. (1998) stated that the modularity of a product influences its initial cost, ease of service (assembly and disassembly), and effort required to retire the product (reuse, recycling, and disposal). As discussed previously, in general, modular products need to be designed with redundant physical components and limited function sharing for compatibility across other products, which might result in increased part numbers and variable costs (Ulrich and Tung, 1991) . Future work relevant to this focus area should take into account minimization of cost and environmental impact by clustering components based on their design intent for reuse, recycling, and service. For this purpose, the components of the designed product can be first represented through a connectivity graph, and then the graph can be partitioned based on modularity for sustainability (see Fig. 2 ) (Chung et al., 2011) .
Future work on product architectures that are engineered, or reengineered for increased sustainability should enlist support from industry partners, as credibility of the information used during the investigation is paramount. This information pertains to components and feasible configurations of the product architecture, for which the full set of concept combinations (product architecture variants) with varying levels of modularity and supplier options for each product (sub-assembly) component and modular design permutations can be studied.
FOCUS AREA 2: assembly/disassembly operation modeling and analysis for environmental sustainability
Joints are inevitable in product architecture because of constraints on component geometric configuration. Other limitations include material properties and the requirements of inspection, accessibility, repair, portability, and recyclability (Kim et al., 2004) . Defining joining components provides a way of realizing simpler forms of the individual components of products, which affect assembly cost and environmental impacts related to assembly and disassembly operations. The environmental effects of assembly operations and assembly component selection are often excluded, however, in previous research efforts (e.g., Rajemi et al., 2010; Pusavec et al., 2010) . Balancing the design and environmental requirements, and selecting an optimal assembly method is a complicated process. For example, welded or mechanically fastened (or riveted) joints have been considered as alternatives for an automotive frame design. Conventionally, welded joints have been preferred in frame manufacturing, due to complex geometries and cost efficiencies. Traditional trade-off analyses focus on heat affected zones, which are potential sources of structural crack propagation. However, the environmental pollutants (e.g., fumes and gases) caused by the welding operation often receive little attention in design stage joining decisions (Fleischer and Schaedel, 2013; Miller et al., 2010) . A mechanically fastened joint could eliminate these pollutants; however, it will cause other design changes (e.g., bonding effects of rivets). Thus, a balanced decision supporting tool should be able to analyze cost and environmental sustainability performance of different assembly operations, to consider tradeoffs of objectives (e.g., cost vs. recyclability) without sacrificing the functional design requirements, and to balance the design and environmental requirements.
To consider assembly operation implications for design requirements and environmental sustainability should be considered simultaneously. The evaluation of all possible assembly operation alternatives is costly. Thus, high quality/feasible assembly operation alternatives should be selected before detailed analysis occurs. For this, meta-heuristics algorithms (e.g., neural networks and genetic algorithms) can be used to generate a set of feasible assembly operation alternatives. The alternatives require comprehensive evaluation processes to determine whether they satisfy the design and environmental requirements. Although several methods exist to aid final decision making, due to the ill-structured nature of most design requirements, analytic and semantic network methods have been investigated. Bock et al. (2010) adopted an ontology to capture alternative designs and incremental refinements. Their modelbased techniques support the use of ontologies for flexible design combination, refinement, and consistency checking. Choi et al. (2011) presented a schema to represent design knowledge networks. Their schema is used to determine which functions or structures of products are able to meet design requirements for new design alternatives in consideration of hybrid products. They employ a rough set technique to identify a pattern of latent rules in the schema. Chungoora and Young (2008) address the problem of ontology heterogeneity and propose ontology mapping techniques. Semantic mismatches between heterogeneous ontologies are specifically considered and the disparate characteristics of ontologies are highlighted. Kim et al. (2008a) developed assembly design rules to support ubiquitous smart device design collaboration and to highlight cumulative, evolutionary design information challenges. They presented a rough set approach to extract the appropriate minimal rules among the demanded rules associated with physical assembly component design. Kim et al. (2008b) developed a formal method for differentiating assembly joints. They highlighted the current limitation of attached notes and annotations to geometric entities that distinguish joints. By introducing the concept of mereotopology, the differences of joints, assembly design terms, and their relationships are segregated. Also, Kim et al. (2009) used an ontology to represent morphological characteristics related to assembly joints, which are consequences of the principal physical processes and of the design intentions. Kim et al. (2008c) demonstrated the feasibility of a semantic hierarchical network method to support assembly design decision making. In their method, multiple semantic networks establish a hierarchical network for assembly operation analysis.
FOCUS AREA 3: manufacturing process modeling for sustainability assessment
Unit manufacturing processes utilize mechanical, thermal, and/ or chemical energy to alter material input(s) into a desired output (e.g., a product component). These unit processes are linked to form production systems for new products, or to form reverse production systems to remanufacture end-of-life (EOL) products. Mathematical models of unit manufacturing processes can be used in design to quantify and reduce materials and energy use and wastes and emissions, while enhancing productivity and reducing costs (Arinez et al., 2010) . The relevant research questions for consideration in this focus area include: (1) How do design variants impact supply chain sustainability measures (e.g., cost and carbon footprint) through materials, manufacturing processes, and assembly operations?; and (2) How are these sustainability measures impacted by manufacturing and assembly locations (e.g., energy sources in China vs. Belgium)?
To develop such understanding, there are myriad manufacturing processes to consider. Thus, development of process models could begin with conventional manufacturing processes (e.g., cutting, forming, and injection molding) using traditional materials (e.g., metals and polymers), with the collaboration of industry. Industry can provide access to data that supports empirical model development and validation of physics-based or mechanistic models. In addition, process models should consider direct (e.g., process generated) and indirect (e.g., due to electricity) emissions to capture impacts holistically. In particular, process models can parametrically relate design parameters (e.g., materials and geometry) to process characteristics. Thus, changes to and sensitivity of manufacturing-related economic and environmental sustainability measures can be evaluated for the design variants.
As introduced above, the importance of carbon footprint as an environmental performance measure for manufacturing activities has been reported widely (Laurent et al., 2010; Boguski, 2010; Jeswiet and Nava, 2009; Joyce et al., 2010) . Using a microeconomic model, Branker et al. (2011) linked the reduction of energy consumption and the associated carbon footprint to the reduction of manufactured product total cost. Fang et al. (2011) investigated linear programming to optimize the peak power load and energy use of manufacturing systems. Ibbotson and Kara (2011) examined a dozen supply chain network designs subject to various transportation modes and routes, loads to be transported, and energy profile per location. Chiu et al. (2010) combined a graph theory approach for generating product design concepts with LCA to simultaneously account for cost and carbon footprint at the product development phase.
Work in this focus area is needed foremost for improving data quality and process model scalability for predictive sustainability analysis (Mani et al., 2014) . Specifically, parametric unit process models will address several problems with LCA-based approaches in predicting product environmental impacts, which include (Reap et al., 2006) : 1) limited spatial resolution, 2) lack of dynamics, 3) neglecting existing levels of pollution and eventual pollutant disposition, 4) use of linear process models, and 5) reliance on value judgments and subjectivity. By interfacing with the semantic reasoning and supply chain optimization methods described below, research will lead to fundamental, science-based process models linked with design and production system information to inform early stage design activities about manufacturing and assembly sustainability performance.
3.4. FOCUS AREA 4: joint optimization of the best subset of design variants with mathematical models of life cycle processes Building on the existing set of models in DfSCM, the joint optimization of design and life cycle processes must be extended by including the reverse logistics costs, energy efficiency and emissions. While the large number of bill of material (BOM) alternatives in the early concept phase makes it prohibitive to consider as part of DfSCM efforts (Taghavi, 2012; Taghavi and Chinnam, 2014 ), the accounting for environmental sustainability in addition to standard supply chain cost models and metrics further makes this complexity even more serious (Umpfenbach, 2013) . Hence, one main component of this focus area might be to develop novel optimization methods to address these challenges.
The main advantage in aligning supply chain network design and cost decisions with sustainability is to allow more effective decisions while understanding what the tradeoffs are between economic and environmental performance. Accordingly, novel optimization methods would enable answering such critical research questions as: 1) What is the impact of joint consideration of design variant selection, supply chain configuration, and optimization of life cycle processes on economic and environmental sustainability?; and 2) What is the Pareto frontier as a result of trading supply chain metrics and environmental metrics including carbon footprint of materials used, emissions from selected manufacturing processes and supply chain operations, and in the creation of the energy used?
As described above, carbon footprint predictions can be incorporated into forward and reverse supply chain models through the selection of the energy source for each process. The GHG Protocol Corporate Standard, which is widely used for companies to quantify and report GHG emissions in three levels of scope, as shown in Fig. 3 (GHG, 2011) , can be used to capture the effects of all supply chain and life cycle processes. Scopes 1 and 2 represent direct emissions due to the company's operations and scope 3 represents all other indirect emissions, including upstream and downstream emissions. Scope 1 primarily corresponds to manufacturing, assembly, and related transportation operations. Scope 2 corresponds to emissions from the generation of purchased or acquired electricity, steam, and heating or cooling consumed by the company. Scope 3 emissions include upstream activities such as the production of goods and services purchased by the company, as well as downstream activities such as disposal of products. For scope 2, publicly available and private company data for cost and emission information can be used. For instance, the location decisions for manufacturing, distribution and logistics facilities can be evaluated using the Green Power Network (GPN) by the U.S. Department of Energy, which illustrates the green utility pricing programs per state (Green Power, 2014 ). The resultant models can then include supply chain configuration decisions where the company can select the composition of energy sources for scope 2 emissions. Overall, including energy source portfolio decisions allows trading-off emissions and cost of energy and provides more flexibility in managing the economic and environmental sustainability across product supply chains.
Due to the computational complexity, a hierarchical approach would be a more effective approach for this focus area. This approach allows obtaining feasible and good solutions at the highest level of product structure representation by using multilevel (hierarchical) optimization methods, where the state of the art for integer models is evolving (Chinchuluun et al., 2009; Colson et al., 2007; Dempe, 2002; Gümüş and Floudas, 2005) . Hierarchical models are used in many real-world problems that involve hierarchical relationships between multiple decision levels such as management (e.g., regulation for environment, energy policy, and hazmat) and economic planning (e.g., pricing and regulation for electric power). The hierarchical optimization methodology consists of mathematical formulations representing the interdependency between the design variants, product configurations and life cycle processes, including remanufacturing and reverse logistics operations. For instance, any two product variant sets selected will correspond to different forward and reverse supply chain designs, as well as carbon footprints.
Preliminary work to instill sustainability across product supply chains
Preliminary work addressing the above focus areas proposed a novel Geographic Information Systems (GIS)-based hierarchical decision framework (Lei, 2013) . A company first defines regions around the globe from which to select suppliers. Subsequently, suppliers and network designs are evaluated using goal programming. This hierarchical decision framework is facilitated through a software tool, the Supply Chain Network (SCN) Design System, which uses the Java language within the Eclipse programming environment and incorporates Geotools, WorldWind, and the OptimJ Glpk solver (see further details on the software in Lei and Kremer, 2013) .
The preliminary work presented below applies the SCN Design System and extends our earlier work to optimize cost and/or carbon footprint while making integrated product architecture and supply chain decisions (Chiu et al., 2009; Chiu and Kremer, 2011a) . The tradeoffs among supply chain cost, lead time, and carbon footprint were also investigated (e.g., Olson, 2010; Olson et al., 2011) . In the prior work, a set of suppliers was selected by evaluating their impact on both internal (e.g., ease of assembly) and external (e.g., transportation and lead time) enterprise performance measures, which are aggregated to indicate supply chain performance at the conceptual design stage. A case study in the bicycle industry demonstrated the advantages of integrating design and supply chain design decisions. The synchronized structure of supply chain Fig. 3 . Joint optimization across the supply chain and product life cycle. and product designs resulted in simultaneous optimization of both during the early stages of design (Chiu and Kremer, 2011a) . Despite its contributions to the state-of the art, our earlier work had one important limitation: information specific to the region of the suppliers was neglected. With this work here, a path to mitigate this limitation is provided.
The proposed two-stage SCN Design System consists of regionbased and company-based selection phases. The goal is to simultaneously optimize cost, carbon footprint, product quality, and delivery reliability by considering geographical influences. The first phase generates desired supplier regions based on World Bank country performance indices. In the current version of the software, four World Bank country performance indices are used: (1) Global competitiveness, (2) Ease of doing business, (3) Enabling trade index, and (4) Logistics performance index. These were chosen for their potential impact on global supply chains. In the software, the user is asked to rank the importance of these factors, and subsequently, countries are filtered to shorten the list down to a more manageable set of countries.
The second phase employs a mixed integer programming (MIP) model to determine suitable suppliers and purchasing quantities. We integrate the MIP model with GIS to provide a flexible decision support system for the management teams. Geotools and WorldWind were chosen for their advantages to render GIS Shapefile data and to construct a customized user interface. OptimJ Glpk solves the MIP model using goal programming. While objectives are summarized below, the whole model along with notations are provided by Lei (2013) . Z1: minimize the total cost; Z2: minimize the rejection due to the quality problem; Z3: minimize the total deviations from due date of delivery; Z4: minimize total carbon footprint.
Budget, demand, suppliers' capacity, and a carbon emission cap are considered as constraints. This approach assumes that the objective to minimize the total cost (Z1) has the highest priority, followed by Z2, Z3, and Z4. Each objective serves as a single objective in the model, and after obtaining the optimal values, each objective will act as a constraint in next round of calculations. This method converts these multiple criteria objectives with preemptive priorities to separate single objective problems. The information obtained for candidate suppliers is displayed and stored in the MySQL database for future use.
Using the SCN Design System and the data relevant to the earlier bicycle case study (presented in Appendix Tables A1eA4), a sample case is solved and its results are presented below. Xbike is the bicycle company analyzed in this case study to manufacture a final product with an estimated total annual demand of 10,000 units and a monthly budget of $8 million. The region-based selection stage determines 12 candidate suppliers based on their aggregated index and technological capability. Relevant to these suppliers, component (Table A1) and module  (Table A2) based unit costs, unit order costs, average defect rates, average delivery delays and maximum supply quantities are provided. Tables A3 and A4 provide the carbon footprints, calculated using SimaPro LCA software . Table 3 summarizes the results.
Despite showing the potential of simultaneous optimization of product architecture and supply chain decisions, this preliminary work has several significant shortcomings:
1) It does not exploit potential modularity considerations for reduced environmental impact. End-of-life options of components or modules (e.g., dispose, reuse, or recycle) have not been taken into account. 2) It does not consider potential implications of manufacturing and assembly process level decisions on product economic and environmental sustainability. It simply considers the modeled carbon footprint for each component option; thus, what-if analyses considering alternative manufacturing processes is not possible. 3) Although the geographic region of production and, hence, the type of the energy source used in environmental impact (i.e., carbon footprint) projections is taken account, the model does not include closed loop supply chain issues (e.g., DfRem).
Future research, recommendations and conclusions
While the research community has recognized and begun to address the challenges of product life cycle economic and environmental sustainability, much work remains before operational methods and tools can emerge to assist design engineers and other supply chain decision makers in sustainable product design and manufacturing. Understanding and quantifying dependencies between costs and environmental impacts and product design, manufacturing, and supply chain decisions are critical to the development of such methods and tools. In exploiting these dependencies, special emphasis should be given to product architecture (e.g., integral, modular, and hybrid), as well as to manufacturing process and assembly/disassembly processes. Research opportunities are outlined below with respect to the four focus areas discussed above. This list is not intended to be comprehensive, but rather aims to serve as direction and guidance for addressing immediate opportunities. In the foregoing sections, we examine an integrated view of decision making in product design, manufacturing, and supply chain operations, under the lens of sustainability. Although a critical mass of relevant work exists, by and large, prior research has had a narrow scope (e.g., solely considering manufacturing processes or supply chain operations along with one or a few sustainability performance metrics), limiting the potential gains for design decision support. Based on the review of the literature, we recommend integrated, synergistic investigations in the aforementioned four research focus areas in addition to research addressing gaps in each area, individually. In our preliminary example, where we studied the cost and carbon footprint tradeoffs in a bicycle supply chain, results point to the above articulated need for integrating design, manufacturing, and supply chain decision making. Many of our recommendations are pointed toward developing and operationalizing engineering methods and tools, however, sustainability decisions are often reliant on qualitative assessments made by teams of leaders comprising expertise across an organization (e.g., marketing, business strategy, corporate responsibility, and worker health and safety). Thus, future research must ultimately develop methods to integrate quantitative and qualitative decision-making methods. 
